INTRODUCTION
Detailed numerical modelling of the interactions among the various physical and chemical processes which take place within a ramjet combustor is difficult because of the large differences in the important length and time scales involved. This has led to the development of zonal modelling techniques in which various regions of the ramjet combustor are modelled seperately, and the results are then coupled to provide an overall description of the flowfield [1] [2] [3] . These models are not truly predictive since they are heavily dependent on a priori know.ldge of the flowfield. However, by careful adaptation of the parameters used in such models, successful comparisons to experimental data can be achieved 3 . More recently, numerical simulations have been used to study the flowfield in both axisymmetStic centerbody 4 and dump combustors [5] [6] [7] . In the numerical study of a dump-combustor flowfield s fair agreement was observed between the computed quantities, such as mean axial velocity profiles, and experimental data. Furthermore, the computations gave a steady solution with a large recirculation zone. However, the simulations of a centerbody combustor s showed an oscillating flowfield with periodic vortex shedding. Both of these simulations did not consider the effects of an exit nozzle or acoustic forcing on the flowfield in the combustor. More recent simulations have considered the effects of exit nozzles ' 7 and the effects of acoustic forcing'. In an earlier work' we used numerical simulations to study the effects of acoustic waves on the flowfield in an axisymmetric dump combustor with a choked flow through the exit nozzle. Our results not only showed the periodic shedding of vortices but also the presence of a low frequency mode related to the interaction of vortices with the exit nozzle. In this report we present a more detailed description of the work presented at the JANNAF combustion meeting 6 .
A schematic of the idealized central-dump ramjet combustor used in the simulations is shown in Figure 1 . The size of the chamber and the mean flow characteristics were chosen to model the experiments presented by Schadow et al.s . A cylindrical jet with a mean velocity of 50 m/s flows into a cylindrical dump with twice the jet diameter. The length of the dump, which acts as an acoustic cavity, is varied to change the first longitudinal mode
frequency. An exit nozzle at the end of the chamber is accurately modelled to produce choked flow.
In this paper we first discuss the numerical simulation model and present tests of the numerical resolution and boundary conditions. We then discuss two calculations performed on a non-uniform 40 x 100 grid in detail. In the first we did not impose any acoustic forcing on the system, while in the second we excited the first longitudinal acoustic mode of the chamber with an external acoustic source. We then use these simulations to discuss the effects of forcing. Finally we compare the results of the simulations to experimental observations.
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%I THE NUMERICAL MODEL
The numerical model used to perform the simulations solves the time-dependent conservation equations for mass, momentum and energy in two spatial dimensions. The algorithm used for convective transport is the Flux-Corrected Transport (FCT) algorithm 9 configured in axisymmetric geometry. This is a conservative, monotonic algorithm with fourth-order phase accuracy. FCT algorithms are constructed as a weighted average of a low-order and a high-order finite difference scheme. During a convective transport timestep, FCT first modifies the linear properties of the high-order algorithm by adding low-order diffusion. This prevents dispersive ripples from appearing, and it ensures that all conserved quantities remain suitably monotonic and positive. FCT then subtracts out the added diffusion in regions away from discontinuities. Thus it maintains a high-order of accuracy where it is meaningful while enforcing positivity and monotonicity where it is necessary. With various initial and boundary conditions, this algorithm has been used previously to solve a wide variety of problems in subsonic and supersonic flows.
The calculations presented below are inviscid, that is, no explicit term representing physical viscosity has been included in the model. Also, no artificial viscosity is needed to stabilize the algorithm. There is a residual high order numerical diffusion present which effectively behaves like a viscosity term for short wavelength modes on the order of the zone size. Unlike most numerical methods, however, FCT damping of the short wavelength modes is nonlinear. Thus the effects of this residual viscosity diminish very quickly (much faster than k 2 ) for the long wavelength modes, which results in a high "effective Reynolds number". The effect of the numerical viscosity on the flow instability frequencies is discussed later. In the problem considered in this paper, we are primarily interested in the interaction of the acoustic modes with large scale vortex structures, which is essentially an inviscid interaction.
For the calculations presented in this paper, the computational cell spacing was set up initially and held fixed in time. Fine zones were used near the entrance to the combustor (the dump plane) in both the radial and axial directions. In both directions the cell sizes gradually increased away from the dump plane. For the calculations presented here using a 40 x 100 grid, the cell sizes in the axial direction decreased from 8.53 cm at the inlet plane to 0.42 cm at the dump plane, and then gradually increased to 0.50 cm at the rear wall of . the combustor (the exit plane). In the radial direction, cell sizes increased from 0.15 cm at the step to 0.167 cm at both the axis and the outer wail of the combustor. The effects of numerical resolution were checked by comparing two-dimensional calculations with 20 x 50, 40 x 100 and 80 x 200 cells. These grids were generated by either doubling or halving the cell sizes used in the 40 x 100 grid. The timesteps were chosen to satisfy the Courant condition.
Boundary Conditions
The initial thrust of our modelling program has been to develop appropriate inflow and outflow boundary conditions. The outflow conditions force the flow to become sonic at the throat of the exit nozzle. At the solid walls the normal fluxes are set to zero and we extrapolate the pressure to the normal stagnation condition. Since viscosity is not explicitly included in the calculations, no condition is imposed on the tangential velocity at the walls. At the inflow, the pressure is allowed to fluctuate, but we specify the mass flow rate and the inflow velocity and its direction is taken to be axial. These conditions allow acoustic waves to reflect without amplification or damping at the inflow. As a test of the inflow boundary conditions we imposed a planar acoustic source at the rear boundary and observed the pressure fluctuations in the mouth of the inlet. As seen in Figure 2 , the pressure at a particular position in the mouth of the inlet varies with a constant amplitude and frequency which corresponds to that of the forcing function. As further test of the boundary conditions, we note that the average flow properties in the combustion chamber calculated using the numerical model agree with those measured in the experiments 8 .
RESULTS AND DISCUSSION
The physical dimensions of the inlet and combustor used in the calculations are given in Figure Figure 3 shows the early stages in the evolution of the flowfields and Figure 4 shows the flowfields at a later time. In these figures, the quantities are shown as if the computational grids were evenly spaced. That is, the quantities are plotted at each grid point rather than at their actual physical positions. Thus the figures are not drawn to scale. Figure 1 shows the actual physical dimensions of the system modelled and later in this paper we show the fiowfield in true scale. We have found that displaying the results as
we have done in Figures 3 and 4 helps to bring out the similarities and differences between the calculations using the three different grids.
In Figure 3 , the 40 x 100 and 80 x 200 grids show two large scale vortical structures and the beginnings of a third one near the dump plane. However, the 20 x 50 grid does not show the formation of the third vortex. In Figure 4 , the 20 x 50 shows only three vortices while the other two grids show five vortices. In general, we conclude that the large scale structures are essentially the same with the 40 x 100 and 80 x 200 grids and the 20 x 50 grid is too coarse to resolve the finer scale structures resolved by the other two calculations.
Furthermore, as shown in Figure 5 , the solution on the 20 x 50 grid eventually settles own to a steady solution with a large recirculation zone. The solutions with the finer grids show a quasi-steady periodic flowfield with vortex shedding and merging. The 40 x 100 grid appears to be adequate to resolve the instantaneous flowfield.
We note that when the grid size is changed, both the resolving capability of the grid and the thickness of the initial shear layer at the dump plane change. Thus the good agreement observed between the instantaneous flowfields at a particular time does not imply that all the shear layer instability frequencies are the same with different resolutions.
With the finer 80 x 200 grid, smaller structures and higher frequencies can be resolved than with the coarser (40 x 100) grid. However, the dominant features of the periodic flowfield are essentially the same with the two resolutions. This can be seen in Figures 6 and 7 where the density and streamline contours are compared at two different times after the calculations show a periodic flowfield.
In Figure 6 , the flowfields are shown at about 44.78 ms. The agreement between the calculations with the two grids is good. Both calculations show a small vortical structure near the dump plane , a large one near the exit plane and a couple of vortices in between.
In Figure 7 , the flowfields are shown at about 49.15 ms, which is 4000 timesteps later than the flowfields in Figure 6 with the 40 x 100 grid. The flowfields shown in the two figures are during the same cycle because as shown later, the entire flowfield repeats with a period of 6000 timesteps with the 40 x 100 grid. In Figure 7 , the vortical structure seen earlier near the exit plane in Figure 6 has partially exited and a new small vortical structure is seen near the dump plane. We also see three vortices in between the two mentioned above.
The good agreement observed between the calculations with the two grids gives us some confidence in using the 40 x 100 grid to study the acoustic-vortex interactions. Later on we also show that the dominant frequencies seen near the dump plane are essentially the same with the two grid resolutions.
Calculations without Forcinx
We first discuss an unforced calculation on a 40 x 100 grid. The calculations were run for a long time (60,000 timesteps) and flow visualization showed that an essentially The effect of the acoustics of the chamber can also be seen by comparing the fourier analysis of the pressure fluctuations in the shear layer during the early stages (timesteps 5000 to 15,000) of the evolution of the flow to those at later times. In Figure 10 , the most amplified frequency at 0.5 D is 405 Hz. However, after the flow goes through a number of cycles and the acoustic mode has built up, this frequency shifts to 440 Hz, as seen earlier in Figure 8 . This shift in frequency implies that the acoustics of the chamber play a definite role even in cases which are not externally forced.
Calculations with Acoustic Forcing
We also performed calculations in which we imposed an acoustic perturbation. Here we consider the case in which the imposed amplitude was 0.5% of the initial chamber pressure, and the frequency of the perturbation was 446 Hz. All other parameters of the calculation were the same as in the unforced case described above. The pressure fluctuations were fourier analyzed at the same two axial positions in the shear laver as they were in the unforced case and the results are shown in Figure 11 . At 0.5 D, the :.
amplitude corresponding to 446 Hz has significantly increased from the unforced value. We also see higher harmonics of the 446 Hz peak, as well as the low frequency peak at 144 Hz In an earlier section of this paper it was mentioned that the dominant frequencies near near the dump plane at timesteps 33000, 35000, 37000, 39000, 41000 and 43000. This Step 3000
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